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ABSTRACT 

This work is a continuation of plasma oscillation studies of rare gas 

plasmas extending over the last five years at the U. S . Naval Postgraduate 

School. A low pressure Neon plasma was studied Electronic methods of 

obtaining continuous graphical plots of probe current squared I and first 

and second derivatives of probe current I with respect to voltage were used. 

Data derived from probe measurements is presented graphically in the form 

of~ plasma density I space potential I average electron energy I and oscilla-

tion intensities 1 as a function of probe position. Plasma densities derived 

from the positive ion section of probe current and a Druyvesteyn analysis 

are correlated with densities derived from detected electron oscillations . 

A correction factor on the order of JT is shown to be necessary to 
Te 

correlate the density derived by positive ion current with that found by 

other methods. Electron oscillations were detected on all data runs through-

out the length of the discharge I unlike the localized oscillations found in 

the argon plasma investigated the previous year. Ion oscillations corre-

sponding to those in argon were detected throughout the length of the dis-

charge. The detected electron oscillations corresponded to the Langmuir 

plasma frequency. Detector current from these oscillations increased by 

a factor of as much as 10 7 on decreasing plasma density gradients ind1cat-

ing large growth in amplitude and decrease in frequency . The detected ion 

oscillations corresponded to the predicted Langmuir electrostatic sound 

waves and were found to peak in amplitude with the electron oscillations . 

These ion oscillations were assumed to have a wavelength nominally 
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the length of the plasma column (9cm) , and a velocity equal to 7J;i'7; . f/i]( 
These values of velocity and wavelength yielded frequencies of 94 KC 

and 75 KC in reasonable agreement with the 100 KC and 67 KC detected in 

a 75 rna and 65 rna discharge respectively. A tentative relation between 

the effects of ion mass and ionization potential on oscillations and dis-

charge ionization phenomena is made suggesting that plasmas of light 

mass elements with atoms of high ionization potential may develop very 

strong electron and ion oscillations " 
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1 . Introduction. 

In the years since World War II 1 the field of plasma physics has 

grown rapidly and with ever increasing importance. The study of plasmas 

has brought new knowledge into the fields of thermo-nuclear processes 1 

radio communications, electronic circuitry 1 astrophysics 1 space propul-

sian u ballistic re-entry phenomena 1 and the views of science on cosmo -

logy. While these subjects are by no means the limit of its influence 1 

they serve to illustrate the wide ranging effects of this specific field of 

basic research. 

The term plasma was originally de fined by La ng muir and Tonks (4) 1 

and they stated: 

The word 'plasma' will be use d to des ignate that 
port ion o f an arc type discharge in which the densities 
of ions a nd electrons are high but substantia lly equal. 
It embra c e s the whole space not occupied by th e sheath. 

Plasma is not a rare manifestation of matte r a s might first be expect-

ed by a casual glance at our immediate e nviro nme nt I but embraces v ery 

probably 99% or greater of the total matter in our universe. It is only in 

the dense ma t te r environment such as laboratory facilities on earth where 

its existenc e must be so carefully sustained It exists naturally in the 

universe from the fringes of our ionized upper atmosphere throughout 

interstellar s pace 1 and the unbelievably energetic plasma phenomena oc-

curring on the sun directly affect our lives on this planet_ 

Plasma s generated under careful laboratory conditions have received 

increas ing attention in the field of thermo-nuclear fusion devices. Initial 

attempts to generate a sustained thermo-nuclear reaction have met wlth 
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repeated failures in a succession of experiments, both in this country 

and overseas. It is becoming increasingly apparent that an understand

ing of the simple basic behavior of plasma and its inherent instabilities 

is a necessity before more complex procedures of containment can be 

applied to it. 

It is toward this goal of better understanding of the basic phenomena 

in plasma physics that this particular research is carried out. This pro

ject is a continuation of the group work guided by Professor N. L. Oleson 

in the field of rare gas plasmas. In particular it is an investigation into 

the electron-ion oscillation instabilities that occur in a low pressure Neon 

discharge. 
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2 o Previous Work o 

Probe study of the characteristics of low pressure gaseous discharge 

tubes was placed on a firm theoretical foundation by Langmuir and Matt

Smith during 1924 in their analysis of a mercury vapor arc using probes 

(or collectors) of various geometries 0 (1) 

Further studie s by Langmuir (2) in 1925 showed that three separate 

energy groups of electrons were apparently present in the discharge 0 He 

classified them as "primary electrons 1 " "secondary electrons I" and 

"ultimate electrons o" The primary electrons were those which kept nearly 

all the momentum gained in the cathode ion sheaths o The secondary and 

ultimate electrons were two groups with Maxwelliam distributions of energy I 

the secondary 1 s distribution proportional to the primary's energy and the 

ultimate electron ° s distribution independent of the primary u s and lower than 

the secondary's o Th is indicated that some energy transfer mechanism 

existed in the discharge which Langmuir called scattering o Dittmer (3) 

disproved the hypothesis that a new mechanism I such as the possible large 

increase in the target area of excited molecules was the cause of scatter

ing I by showing that the scattering reached a constant value at some dist

ance from the cathode o Dittmer found that the region of scattering approach

es the cathode as the tube current is increased and predicted that high 

scattering of electrons might be due to oscillation in the plasma o However I 

he was unable to detect such oscillations with the equipment available at 

that time o 

Tonks and Langmuir (4) provided a simple theory for electron and ion 
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osc illations 1 by treating the electrons as simple oscillator s held in a 

jelly-like substance being the ions of the plasma. They predicted elec-

trans oscillations having a natural frequency; 

(_n e?...)l 
\1Tm~ 

and ion oscillations with an upper frequency limit of; 

I 

\.J· l (fg;e.j 7 we 
Tentative verification of the theory was obtained by detecting oscillations 

which corresponded reasonably well with those predicted. 

Merril and Webb (5) in their investigation in a low pressure mercury 

arc discharge I using probe techniques I found scattering occurred in narrow 

regions, and was associated with oscillations I agreeing within ten per cent 

of the Langmuir frequency. Their conclusions were that scattering was due 

to oscillations receiving energy from the fast electron group. Continuing 

these investigations in the period 1947 to 1954 I Armstrong I Emeleus I and 

Neill established that (a) oscillations are reproducible I {b) oscillations 

varied in frequenc y and magnitude over tube characteristics {6) and {c) the 

frequency of oscillation 1 the Langmuir frequency I was independent of probe 

bias over a large range I and varied directly with gas pressure (7 I 8). 

Emeleus {9) demonstrated the value of visual observations in a typi-

cal low voltage argon plasma in the micron pressure range. A sketch il-

lustrating th•e major sectors follows : 
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c .. 

Fig. A. C I cathode; l . cathode sheath I 
2 I pr imary beam; 3 I meniscus I 

4 , 5 I s cattered beams ; A I anode 

Inves tigation of probe data during discharge s tudies by Easley (10) 

demonstrated the importance of probe cleanliness for a ccura t e meas ure-

ment technique . 

Oleson and Found (11) have shown tha t nonlinear log plo ts of p robe 

data were obtained in di scharges with s tria tio ns present. 

It became increas ingly evi dent that new methods of det e rmining 

actual energy distribut ions in low pres sure di s c harges wa s ne c essary 

since the assumption of a strictly Maxwe lliam e ne rgy distribution was 

not at all times v alid . In 19 39 Druyve steyn (12) demonstrated that the 

electron energy d i s tribution function, #¢feY) could be found from the fol-

lowing formula ~ 

/VJI;(e V) ;2. 

Ae 
Wh ere N rj;(eVJ i s the number of particles of energy per unit voluiTie, and 

in this work in units of reciprocal electron volts and reciprocal cubic 

-1 -3 
centimeters , L e. e V e m ; A is probe area , and me .. e , Jp and Vp 

represent t h e qua ntities tabulated in the Table of Symbols and Abbrevia-

tions. 
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Waymouth (13) illustrated the utility of th1s expression for use in cases 

where departure from normally assumed energy distributions exists . 

R . H . Sloane and E " I , R . MacGr egor (14) and R. L. F. Boyd and 

N. D. Twiddy (15) utilized modifications of a. suggestion by Emeleus for 

obtaining the energy distribution . It was shown that a small a-c signal 

on the probe would yield a D . C increase d irectly proportional to the 

second derivative of the probe current-voltage relationship. 

Boyd a nd Twiddy (15) also demonstrated that for a non-isotropic dis

charge a cylindrical probe will give an energy distribution which w1ll attain 

negative values between major electron groups. 

An R-F technique of determining plasma frequency was discovered by 

Takayama a nd lhegumi (16) who found that if an R-F signal is superposed 

on a probe maintained negative to space potential that a marked resonant 

increase appears in probe circuit current at the Langmuir frequency 

Allis (17) and D . W. Mahaffey (18) have correlated plasma oscillation 

growth and decreasjng plasma density gradients . Mahaffey reported an 

eighty-five per cent correlation between these parameters in a micron 

pressure mercury arc discharge . Putman and Collins (19) in prev ious work 

with N. L . Oleson also demonstrated the c onnection of these parameters 

in a low pressure argon discharge wherein peak oscillation intensity 

occurred along a decreasing density gradient. 

In 1949 Bohm and Gross (23) proposed a theory for plasma oscilla 

tions which postulated that a longitudinal traveling potential field could 

be excited by a beam of high velocity electrons in transit through the 

plasma . This in turn would provide a mechanism for energy transfer from 
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the beam to the plasma. 

Looney and Brown (24), however, in attempting to utilize this mech

an.ism by using a second beam of electrons were unable to find the pre

dicted osc illations , but rather postulated that they had found standing 

waves in the plasma. They attributed these waves to interaction of the 

beam with large sheaths on the beam electrodes 

Demirkhanov, Gevorkov, and Popov (25) have shown that these oscil

lations can be produced as predicted, and have attributed the mechanism 

causing the effects found by Looney and Brown to s e condary electrons 

ejected by the impinging beam o n the anode . These secondary electrons 

oscillate in a potential w ell in front of the a node from which ejected 

G. D . Boyd , L . M . Field , and R . W . Gould (26) have also shown that 

this transit mechanism for electron plas ma oscillatio ns does occur and have 

succeeded in exciting them with a velocity modulated beam of electrons 

and have demons trated that they grow in amplitude as they wave through 

the plasma. 

I. Alexeff and R . V. Neidigh (2 7} in recent work at Oalc Ridge National 

Laboratories have found correlations between acoustic theory and kilo

cycle osc illations in a spherical glass discharge tube. The predicted 

Langmuir electrostatic ion sound waves are believed to have been success

fully observed with the following characteristics~ 

a. Sinusoidal waveform. 

b Higher frequency modes of oscillation not integral 

multiples of the fundamental theory (Thl s 1 s in 

agreement with the boundary conditions of acoustic 
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theory . 

-1/2 c. Frequency proportional to Mi . 

d " Frequency proportional to D- 1 (D is tube diameter) 

e . Frequency yields a value for electron temperature (Te) 

in agreement with values obtained by the other methods. 
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3. Anomalies of Neon. 

In extension of the continuing project of studies of low pressure 

gaseous discharge phenomena , it was suggested by Professor N 0 L . 

Oleson, that a Neon plasma be investigated, to further extend data in 

this field . 

Prior to introducing Neon into this system Argon had been utlhzed 

for a test discharge and curves, as shown in Fig . 7, quite typ ical of 

those found by Putnam and Collins (1 9) for current-voltage characterist-

ics were traced Slightly higher values of current were found due to the 

larger surface area of th e cathode presently installed 

The system was thorough ly baked twice at 350 degrees Centigrade 

and flushed with Neon twice prior to taking any tu be characte ri stic curves 

and making a data run. After the second bake out and flushing, the system 

was evacuated to 2 7xlo- 7 mm , of {Hg). The system was then filled with 

9. 6 microns {Hg) of Neon at room t emperature, and the cathode brought up 

to operating temperatur e . Pressure then stabilized at 10 microns . 

It became immediately apparent u pon taking the initial tube current-

' voltage characteristic curve that Neo n was behaving considerably differ-

ent in the same sys t em than had Argon . Discharg e currents were lower 

throughout the operating range for similar voltages, and severe instability 

occurred in the discharge at currents higher than 75 rna., at 10 microns 

pressure, and at lower currents at lower pressures .. At currents below 30 

rna. at 10 microns pressure violent relaxation oscillations occurred, Fig. 8, 

which sporadically would extinguish the discharge completelv. Voltage 

had to then be increased until re-ionization occurred. 

9 



The relaxation oscillations were dampened as much as possible by 

placing a large resistance next to the cathode in the discharge current cir

cuit, and a large capacitor across the tube itself The values of these 

circuit elements were adjusted until an optimum damping effect was reach

ed. The values used for these components were 5500 ohms and 10 micro

farads ~ 

The instability occurring at the higher current range could not, however, 

be diminished except by going to considerably higher pressures. At a 

pressure estimated at 50 microns - 70 microns it was possible to maintain 

a stable discharge up to 150 rna .. , however, since no accurate method was 

available of measuring this pres sure, so that a return to the exact pres sure 

could always be assured, it was decided to work in the more limited 10 

micron range . 

This high current discharge instability occurred in the following manner. 

and its threshold was always reproducible at"" 75 rna at 10 micron pres

sure. When 75 rna was reached, the voltage would slowly climb from its 

initial value to about 60 volts, then it would jump almost Instantaneously 

to 325 volts . The current would decrease in a similar manner , slowly at 

first then almost instantaneously to a value of 15 rna. , a value below the 

thermionic emiss ion current of the cathode in high vacuum (22 to 35 rna.). 

The discharge in this form appeared as a narrow beam in the center of the 

tube with an apparent focus, independent of anode-cathode spac1ng, at 

about 40mm. from the cathode. Fig . 9. 

It was first thought that this might be due to the focusing effec t of the 

slight cathode face curvat ure, however , when the anode was placed within 
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10 mm. of the cathode or less 1 the phenomena still occurred I so th i s 

hypothesis does not seem to be borne out. Further investigation of the 

literature revealed that Neon has been used extensively in slow sweep 

cathode ray tubes for "gas focusing" and is most effective in the 4 

microns - 6 microns range , Cobine (20). The 4 microns - 6 microns 

range is where the most severe form of this instability occurred I which 

we termed a "collapsed discharge I" and tube currents of 40 rna. to 50 rna. 

were the maximum which could be sustained without collapsing. It is 

therefore believed that this effect was the primary reason for this upper 

limit instability in the Neon plasma. 

A cursory investigation by oscilloscope in this discharge form was 

remarkable for the absence of any oscillations and extremely low noise. 

The cavity wavemeter was also unable to detect any high frequency oscil

lations. Visual observations showed only a minor amount of the typical 

red glow associated with the normal Neon discharge illustrating low excita

tion and ionization occurring in this form. 

Further search into the literature while investigating this phenomenon 

revealed some other anomalies of Neon which it is felt deserve attention. 

It has been mentioned previously that lower currents were obtained 

throughout the current-voltage characteristic curves for Neon when com

pared with Argon. This at first seemed easily attributable to the higher 

ionization potential of Neon I 21. 5 V 1 vice that of Argon 1 15. 7 V 1 however, 

it further became apparent that it was remarkable that such a comparable 

discharge did in fact occur at all. 
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Neon exhibits little Ramsauer -Townsend effect througrout a voltage 

range of 0 to 100 volts I and when compared with Argon Hs electron colli -

sion probabil ity (Pt) is much smaller in our system's operat ing range . 

Fig . B. from R B . Brode (21) illustrates th1s effectivelY . 

More explicitly I its relative ionization in c omparison with Argon can 

be seen to be quite small as 
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and although this data was taken at 1 mm pressure I we believe an order of 

magnitude extrapolation to a lower pressure is consistent for comparison. 

Also 1 the mean free path of an electron 1n Neon at a pressure of 10 mi-

crons is 1 from kinetic theory I 5. 76 em. a value which should be reasonably 

accurate since Neon having a tightly bound closed outer electron shell ap-

proaches the classic spherical atom. Th1s would lead one to beheve that 
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the ionization of Neon would be considerably dependent on the cathode

a node s pacing of the discharge up to 5 em. or so 1 and relatively inde

pendent at greater distances. 

However I none of these effects were apparent in our discharge tube 

in the range expected . The currents as stated before were slightly lower 

than for Argon I but only by a factor of a few per cent at the most . The 

current and voltage were completely independent of cathode-anode spacing I 

as near as one could tell by reading a well calibrated milli-ammeter for 

distances of 10 mm. to 100 mm •. 

We therefore conclude that ionization is occurring rapidly within a few 

millimeters of the cathode and that the plasma may exist because of its 

oscillations interaction with the electron beam immediately u pon leaving 

the cathode . As discussed later in the conclusion of our investigation. 

oscillations were found up to at least 2 mm. of the cathode face I which 

would certainly tend to confirm this hypothesis . 
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4 " Equipment . 

Figs. l through 3 are photographs of the laboratory equipment arrange

ment The equipment used in the experiment can be classed into four 

general headings~ 

l. Gaseous discharge tube 

2. Vacuum system 

3. Frequency detection and measuring equipment 

4. D . C . electrical circuits . 

Discharge Tube . The tube envelope was locally manufactured using Pyrex 

glass and salvaged tungsten-uranium glass seals. Tube design critenon 

was based upon having a sealed system which could be subjected to bake 

out and, at the same time I allow a maximum amount of variation in the 

geometrical parameters 

The electrodes were all mounted on cylindrical iron cores sealed in 

pyrex to enable the electrodes to be moved within the tube by application 

of an external magnetic field o 

Electrical leads to the electrodes were coiled multi-strand oxygen-free 

copper 1 insulated where necessary with ceramic beads. Attachment to the 

tungsten seals at both the tube and electrode seal was by means of spot

welded nickel straps. 

The cathode was an indirectly heated dispenser type cathode supplied 

by Semicon of California I Incorporated. This cathode has an evaporation 

rate of one microgram per centimeter per hour and negligible sputtering. 

This gives the dispenser cathode cons1derable advantage over the conven

tional oxide coated cathode as regards tube contamination in th1s type of 
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work The cathode was 28 5 millimeters long 1 22 .1 millimeters in dia

meter I and had a concave face with a radius of curvature of 36.7 milli

meters. The heater s for the cathode were locally manufactured from 20 

mil malleable tungsten wire wound into a coil of approximately 15 turns 

and 14. 2 millimeters in diameter . To prevent shorting between adjacent 

turns I the cathode was lined with two close-fitting alumina rings and an 

alumina disk at the face (see Fig . 5). To obtain the operating tempera

ture of 1075°C o required approximately 12 a 5 amperes. About one-half 

hour was needed to reach this temperature equilibrium. 

The cathode was mounted to the transport by means of a molybdenum 

jacket spot welded to four tungsten support rods (see Fig . 5) . The rear of 

the cathode was closed with molybdenum to minimize darkening of the tube 

by depositions of alumina and tungsten. 

The anode was a 26 millimeter diameter I 20 mil thick nickel disk sup

ported by a tungsten rod enclosed in a pyrex sheath. 

The probes were constructed of 5 mil tungsten wire sheathed in pyrex 

to within 3. 9 millimeters of the end. To prevent conduction on the surface 

of the glass due to contamination I the probe has a 5 mil stand off from the 

glass sheath (see Fig. 5) . The double probe was not used due to breakage 

in the final stage of assembly. 

Construction Problems. Early in the work I it was necessary to open the 

discharge tube due to an open cathode heater. This operation started a long 

chain of difficulties which terminated In a virtual re-building of the tube. 

The original heaters were constructed of 10 turns of 15 mil tungsten 

with an overall diameter of 17 millimeters. These heaters were coated with 
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a thin a lumina coating to prevent shorting between adjacent turns. Several 

of these heaters were used; however 1 it was found that their useful life was 

quite short. It appeared that at the temperatures required for operation . the 

alumina would flake off and adjacent turns would short as the heater sagged. 

The next a ttempt to solve the heater problem was to use an alumina support 

on the center leg of the heater to give some additional rigidity to the heater. 

Somewhat greater success was obtained with this configuration While some 

shorting did occur I it did not appear to be progressive " Semicon of Californ

ia donated the present cathode I which in its original configuration had its 

heater potted in cast alumina. This would seem to be an ideal configuration I 

but the structure a ppe ars to be extremely fra gile I perhaps too fragile I for an 

experimental a rrangement. After two failures with this configuration and 

upon consultation with Semicon ~ the configuration described in Fig 5 was 

used. 

In early attempts it was found that only very low emission currents 

could be obtained from the cathode. It was then discovered that the cath

ode was extre mely sensitive to chloride poisoning I contamination by low 

vapor pres sure metals 1 and contamination by water vapor and oxygen. 

The maj ority of these contamination problems were solved by proper 

activation of the cathode. The chloride poisoning 1 however I was irre 

versible 1 de stroying the usefulness of the cathode in general~ if localized I 

it disturbed the emission in the vicinity of the poisoning . 

Activ a tion of the cathode should be attempted after bake out. The pro

cedure i s basically to bring the cathode to operating temperature (1100°C) 
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in a high vacuum ..-vlo-6 millimeters of Hg I and apply a potential from 

anode to cathode of approximately 500V . As the cathode becomes acti

vated 1 a tube discharge current will be observed which will increase with 

time until activation is completed 1 at which time it will become constant. 

This procedure will require about two hours I depending upon the degree of 

cathode contamination. 

As mentioned previously, chloride contamination results in permanent 

damage to the cathode. The migration of other metallic ions to the emitting 

surface may also produce permanent damage to the cathode. It is there

fore necessary to keep low vapor pressure metals remote from the hot cath

ode. The material s recommended for cathode mounting are tungste n " tanta

lum 1 or molybdenum. Early attempts were made using a tantalum anode 

with the cathode heat shield and mounting of tantalum . On completion of 

bake out I it was noted that the tantalum anode was plated with a rather 

heavy coating of cupric I cuprous oxides and copper. The other tantalum 

surfaces were plated w.ith a thin copper coating I in addition a powdery 

deposit of copper was found on the glass envelope (see Fig . 45 I a I b I c). 

The only poss ible source for the copper was from the multi -strand copper 

wire. In view of these observations I it was postulated that the tantalum 

acts as a copper "getter" lowering the partial pres sure of copper in the 

system 1 thereby permitting additional boil off of copper. If it were ab

solutely neces sary to have copper and tantalum simultaneously in the 

system 1 this problem could possibly be minimized by an extremely slow 

bake out I always maintaining a vacuum in the order of .l 0-5 m i Ill meters 

of Hg. 
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The final configuration utilized a nickel anode with all cathode mount

ings of molybdenum . A heat shield was not mounted. Mechanical joints 

were utilized wherever posSible due to difficulty in welding molybdenum 

and tungsten even when using platinum as a "wetting" agent 

All copper leads were spot welded and supported with nickel straps 

This procedure minimized the amount of heat applied to the copper wire and 

reduced the poss ibility of contamination from either silver solder or flux. 

Vacuum System . The vacuum system was capable of a vacuum in the order 

of 10- 7 millimeters of Hg and tested leak free with the Veeco Ms ..,.g Helium 

leak detector which was capable of detecting leaks as small as 1 x lo-18 

cubic centimeters per second. Pumping was done with a three stage air

cooled oil diffus ion pump and mechanical fore-pump . The vacuum system 

was divided into two sections~ "internal" discharge tube, and vacuum 

gauges ; and the "external" oil manometer and gas bottles for neon and argon 

gas. The "internal" system was Isolated from both the pumps and the 

"external" system by liquid nitrogen traps. All stopcocks were vacuum 

type lubricated by Type N Apiezon grease. The oll in both the manometer 

and diffusion pump was Octoil-S. The "internal" system was baked out 

by a portable oven I while the "external" system was baked out with heat

ing tapes . The anode was out gassed by means of an induction heater 

Vacuum measurement in the high vacuum region 10-4 to l o-7 milli

meters Hg was by means of a Veeco RG-75 ionization gauge . To mea

sure micron range pressures I a modification was made to the Veec o Vacuum 

Gauge RG 31A by installing an additional range resistor to t he circ uit to 

provide a 10-3 millimeter sc.ale. This additional resistor 1n the pressure 
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multiplier circuit extended the scale of the meter by serving as a meter 

shunt for the ion current from the RG 75 ionization gauge. This modifica

tion gave continuity when compared to the 10-4 millimeter scale. On the 

basis of the manufacturer 0 s claim for the RG 75 tube of linearity to 10-3 I 

we assumed linearity for the 1-10 micron range. 

A Westinghouse type 7903 high pressure ionization gauge was install

ed in the system, however I control circuit difficulties precluded its use 

during our work. This Instrument operates in the range of from 1 x 10-5 to 

5 x 10-1 millimeters of Hg and offers considerable utility for further work. 

High Frequency Measurement. A cavity wave meter I Test set 1 Model AN/ 

UPM 21 frequency range 80-1220 megacycles, was used to detect electron 

oscillation frequencie s by capacitive coupling with a wire probe. The de

signal from the detector crystal of the cavity wave meter was fed to a 

Hewlett-Packard Model 425 A de micro-volt-ammeter. Currents as small as 

10-12 amperes could be detected with this instrument. 

In previous work concern had been expressed that at the frequencies of 

interest (k-mcs) range excessive attenuation of signal might occur due to 

the coiled leads from the probe and their path through the Iron case of the 

transport. To investigate this problem I the probe assembly was removed 

from the tube and measurements taken to determine the losses A signal 

was fed to the probe from a Hewlett-Packard 612 A frequency generator 

(450-1230 mcs) losses were measured through a detector cry stal and a 

Hewlett-Packard 415 Standing Wave Ratio Meter for various configuration 

of the single probe the following results were noted . 
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Fig o D o Probe Attenuation vs Frequency o 

The characteristics for the double probe was far more complex and 

indicated quite high attenuation o 

Ion oscillation were detected and measured with a Tektronix Type 543 

oscilloscope o 

The circuits for obtaining frequency data were simply coax1al lines 

from the probe to the wave meter in the case of electron oscillations , and 

to the oscilloscope through a 1000 cycle high pass filter for ion oscilla-

tions 0 The high pass filter was necessary due to a high background of 

electrical noise in the laboratory . 

Probe Circuits 0 Two sources of power were avilable to the probe The 

time varying signal was supplied by a Hewlett Packard Low Frequenc y 

Function Generator, Model 202 A, wh1ch was set for triangle wave output 
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varying linearly with time . The output signal was set to 15 volts peak to 

peak excursion and fed to a gain ten amplifier in the Donner Analog Com-

puter 1 Model 30 1 with problem board Model 30-6. The amplified signal was 

then biased by means of the initial condition power supplies of the comput-

er o This signal was then supplied to the probe to obtain the desired positive 

and negative voltage excursions with respect to the anode , For a constant 

voltage power supply to the probe I two of the initial condition power sup-

plies of the computer were connected in series and connected to the probe 

This method was used to outgas the probe by ohmic heating prior to taking 

each probe characteristic. The voltage outputs of the inltial condition am -

plifiers were c a librated with a Donner Mo del 50 C omparator Bridge. 

Probe c urrent as a function of probe potential was passed through a 

resistance o n the order of 500 ohms where a voltage proportional to probe 

current was obtained . (The effect on probe potential due to voltage drop in 

the resistanc e i s less than one per cent and considered negligible.) This 

voltage was fed through two gain ten amplifiers on the computers. The 

amplified s ignal was then supplied to the F. W. Mosely Autograph X-Y 

2 .Qlp_ .s8£ 2 
recorder Model 2-8 either: direct as Ip o dVp 1 dVp2 or I vs Vp. 

1The Donner Analog Computer I Model 30 I has 10 operational ampli
fiers whic h operate in the range -100 to + 100 volts with a long time stab
Ility better than 0 "5% of full scale value I max.imum drift characteristic of 
4 mill ivolts per hour with a short term random drift less than + 2 millivolts. 
Five initial condition regulated d . c. power supplier I 0 to 100 volts are 
available o n the computer. 

2The F .W. Mos~ly Autograph X-Y Recorder I Model 2-S whic h has a 
range o n the horizontal axis of from 0-7.5 millivolts to 0-150 volts full 
scale. The vertical axis has a range of 0-5 millivolts to 0-10 0 volts full 
s cale . Input impedences on both scales are in the order of 2 megohms . This 
equipment is accurate to 0 . 25% of full scale on all ranges when calibrated. 
Calibration drift is negligible. 
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Th e X-Y recorder was operating with a sweep period of 20 seconds. The 

derivatives w ere obtained by two cascade R -C differentia tor circuits 

with a time constant of . 025 seconds. The Ip2 was obtained by supplying 

the amplified voltage signal to both the X andY inputs of a Donner 

Electronic Function Multiplier, Model 33. This equipment would accept 

inputs of ± 100 volts in either or both X andY inputs and produces an 

output of -0.0 l XY. Use of this equipment was discontinued on the second 

run due to alignment difficulties at the last moment before the run " 
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5 Procedures , 

General Procedure. Prior to making a data run 1 the system was taken to 

as low a vacuum as possible p in the order of 10-5 millimeters of Hg, and 

then baked out with the portable oven at 350° C for a period of 10 to 15 

hours. During this time I external tubing was heated to 350°C with heat

ing tape. Upon completion of the bake out I vacuums in the range of 

2 X 10-7 millimeters of Hg were obtainable. The next step was to bring 

the cathode to temperature with the pumps still on the system Since it 

was found that the alumina in the cathode would absorb considerable 

amounts of gas I the following steps were taken~ when the vacuum stabil

ized I the cathode heater was secured; after the cathode had cooled I a 

charge of neon was admitted to the system with the pump secured; the 

cathode was again brought to temperature and a discharge fired for from 

15 minutes to one half hour I at which time the system was again pumped 

down to about lo-7 millimeters of Hg. This procedure of flushing and fill

ing would be repeated two or three times to minimize the amount of foreign 

gas in the tube. The tube was again hlled with neon and allowed to pump 

down to 9. 2 microns as measured with the Veeco ionization gauge . While 

the absolute error of the Veeco gauge modification described on page 19 

may be large 1 it is considered that the pressures are reproducible to with

in two-tenths of a micron. 

Upon completion of the filling process 1 the cathode was brought to 

operating temperature and allowed to reach equilibrium . One-half to three

quarters of an hour were allowed for equilibnum to be achieved. 
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During this time, the electrodes were positioned with the cat.heto-

meter using the following procedure~ the cathetometer was set at its refer

ence value for the cathode. The cathode was then moved with the solenoid 

until its face was lined up with the reference mark of the cathetometer The 

cathetometer was then traversed to the probe position and this distance re

corded . Next the cathetometer was traversed to the desired anode position 

and the anode moved to coincide with the reference mark of the cathetometer. 

All measureme nts were made in the same direction to minimize backlash 

errors. Thee procedures should allow electrode placement accurate to with

in 0. 1 millimeters. These same procedures were carried out, as applicable, 

for all subsequent electrode positioning. 

A discharge was then obtained with the oscilloscope across the tube. 

The value of resistance in the tube power supply circuit and capacitance 

across the tube were varied to minimize relaxation oscillations as observed 

with the oscilloscope . The X-Y recorder was then put in the discharge cir

cuit to record the tube charactenstic, V d as a function of Id . With this 

information recorded, the X-Y recorder was placed back in the probe circuit-

ry. 

The procedures from this point on became repetitive for each of the 

desired probe positions and were as follows~ 

A. To observe ion oscillations, the anode was grounded, the os

cilloscope lead was directly coupled to the probe and the shield grounded 

common with the anode . In the first data run, the frequency and ampli-

tude of the ion oscillations were read directly from the scope display . Dur

ing the second data run, all scope displays were photographed and analyzed 
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a t a late r time. 

B. Next the cavity wave meter was capacitively coupled to the 

probe and a frequency search conducted. The deflection of the micro-

micro ammeter at resonance from its ambient value was recorded as a mea

sure of the electron oscillation amplitude. In many cases the deflections 

are very s light, a few per cent of the ambient current. It was therefore im

perative that the search be conducted very slowly to prevent resonance dips 

from being ma sked by random meter fluctuations which were not reproducible. 

C o The next step involved allowing the discharge circuit to floaL 

At the same time , the probe circuitry which had been isolated from the dis

charge tube during frequency measurement, was th en directly coupled to the 

probe. The outpu t of the function generator was set for a triangle wave and 

adjusted to 15 volts peak to peak and fed to the X-axis of the X-Y recorder. 

The same signal w as supplied to a nominal ga in ten amplifier which was then 

calibrated to give a pea k to peak excursion of 150 v o lts. This output was 

then biased by an initial condition power supply to, in the first run +43 to 

-107 volts and in the second run from +30 to -120 volts as measured be

tween probe and anode. (See Fig 5) 

The current drawn by the probe was passed through a resist

ance Rp to provide a voltage signal proportional to the probe current. This 

voltage signal was supplied to two gain ten amplifiers of the computer. The 

resistance Rp was adjusted to provide an output from the amplifiers of less 

than 100 v o lt s, the maximum scale value for the Y axis of the X-Y recorder . 

The amplified voltage signal proportional to probe current was now plotted 
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as a function of probe potential. This same voltage signal was also fed 

through a pair of R-C differentiators 1n cascade. The outputs of this cir

cuit were tnen plotted as £!E. and d2I~ as a function of Vp. (See Fig. 6) 
dVp dVp 

Prior to each data plot, the probe circuits were isolated from the 

probe and a voltage of approximately +125 volts was applied to the probe to 

outgas it by ohmic heating. 

To allow for the differences in amplitude of the var1ous signals, 

the calibrated scales of the X-Y recorder were changed, Ip vs Vp was plotted 

on 100 volts full scale and 10 volts full scale. The hrst derivative was 

plotted on 10 volts full scale, while the second derivative was plotted on 

1 volt full scale. Attempts were made to use the 100 millivolt scale to en-

large the plot for the second derivative, but the response was qu1te noisy 

and did not appear to be reliable enough for use. 

D. During the collection of probe data, the cathode temperature 

and heater current were monitored to keep the cathode within ±5°C of the 

selected operating temperature. Discharge voltage and current were record-

ed for each probe position. During the first run, discharge current was 

continuously recorded in order to determine the effect on discharge current 

of drawing probe current. No discernable effect was noted even for maxi-

mum values of probe current and its use was discontinued. 

E. At the completion of data collection for each probe position, 

the electrodes were repositioned and the balancing of the amphf1ers check-

ed. The entire procedure for a single probe position required approximately 

twenty minutes. 

26 



F At the completion of each run 1 it was necessary to calibrate the 

data curves. This was done by computing the current necessary to produce 

the given voltage across resistance Rp. The first derivative curves were 

calibrated by measuring the slope of Ip vs Vp curve at a voltage correspond-

ing to a maximum of the first derivative. The same procedure was carried out 

on the first derivative to calibrate the second derivative. The calibrations 

thus obtained were then checked against other sections of the curves I a 

good correlation was obtained . These calibrations are considered to be ac-

curate at the maximum values to within±. 5% of the true value as represent-

ed on the plots. 

Data Run I. The first data run consisted of an investigation of a 7 5 milli-

ampere discharge in neon by taking data every two millimeters over a length 

of 40 millimeters . The data recorded on this run was Ip vs Vp I Ip2 vs Vp 1 

Qill_ ~ 
dVp vs Vp I ~ vs Vp I electron oscillation frequency and amplitude 1 ion 

oscillation frequency and amplitude for each of the 19 probe positions. The 

purpose of this investigation was to determine the character of a neon dis-

charge and to determine regions of maximum interest for further investigation. 

Data Run II. The second data run was taken in a 65 milliampere d1 scharge 

and was set up primarily to determine the effect of a concave cathode face 

on the characteristics of the discharge I and to Investigate the character of 

a discharge wherein the effects of Ramsauer free path are minimized 1 as In 

the case of neon. (Seep. 12). 

The program consisted of taking probe data with the probe at 5 I l 0 I 15 I 

18 I 21 1 23 I 28 1 33 1 35 millimeters from the cathode . For eac h of these 
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positions 1 the anode was to be located at 5 I 20 1 35 I 50 I 65 millimeters 

from the probe. The data recorded for this run was Ip vs Vp I Ip X 10 vs 

.9le_ fi 
Vp I dVp vs Vp I d\TpZ vs Vp 1 electron oscillation frequency and amplitude 1 

ion oscillation frequency and amplitude o 
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6. Results . 

Tube current -voltage characteristics curves are shown for data runs 

1 and 2 in Figs. 10 and 11. Both these runs were made at 10 microns 

pressure. Run 1 was conducted at 75 rna discharge current, and run 2 at 

65 rna discharge current . A comparable curve for Argon is shown w1th that 

for Neon in Fig. 10 . The various curves in Fig. 11 illustrate the absence 

of any effect due to increas ed anode-cathode separation from 10mm to 75mm. 

Only the general shape of these curves is reproducible since the power sup

pl y voltage was changed by hand. The difference between them is attribut

able to this factor. It was found that if the voltage was stopped at any 

point, the current would reach an equilibrium value independent of Cathode

Anode spacing. 

The region of instability which eventually results in a collapsed dis

charge follows the rather short level section of the curve. The voltage rise 

in this part of the curve is clearly evident. A photograph of the relaxation 

oscillations occurring below 30 rna . is shown in Fig. 8., one of a collapsed 

discharge in Fig " 9 " 

Typical probe characteristic curves for run 1 a re shown in Figs 12, 13, 

14, and 15 o They are for probe positions near the cathode (Fig . 12) , at the 

beginning of the region of maximum interaction (Fig . 13), within the region 

of maximum interaction (Fig. 15) . Probe characteristics curves fo r run 2 

with a fixed cathode-probe distance of 15. Smm and anode to probe distances 

of 5, 20, 35, 50, and 65mm are shown in Figs . 16, 17, 18 , 19 and 20 re

spectively. These illustrate the gradual decrease then the increase in length 
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of the high energy tails on that section of the second derivative giving the 

energy distribution of the randomized electron group 1 and the gradual de-

crease then the increase in size of that section representing the "beam" 

electrons. This result occurs as the anode-cathode distance is increased. 

The second derivatives of lp with respect to Vp are seen from these 

curves to approach zero more rapidly than they should. A changing slope 

may be seen on the curves representing the first derivative extending out 

to a considerably greater negative voltage than is indicated by the second 

derivative ploL Corrections made for this effect are discussed in our con-

elusions. 

It was noticed from these curves I which were traced from a positive to 

negative probe voltage I that the inertia of the plotting arm of the X-Y re-

corder causes a shift to the right I or toward to more negative voltage o for 

both the first and second derivative plots. This is illustrated by comparing 

the location of the maximum value of slope of the Ip vs Vp curve with the maxi-

mum value of the first derivative I and the maximum value of the first deriva-

tive with the zero of the second denvative. A shift along the horizontal 

scale of minus l volt in each case is seen. 

The character of the representative curve in the region of maximum in-

teraction (Fig. 13) illustrated the effect of the strong oscillations occurring 

at this point on the first and second derivative plots. 

Representative plots of space potential vs distance along discharge are 

shown in Figs. 21 1 22 I 23 I and 24. Fig. 21 for the first data run shows the 

close agreement obtained between the zero of the ~~ the maximum of 
dVp 
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..9!1?_, and the "first break" in the ln lp vs Vp plot for probe curves taken 
dVp 
in the most "Maxwellian" section of the discharge 1 on the anode side of 

the maximum interaction region " 

Several electron energy distributions are shown in Figs o 25 ·' 26 a and 

b I and 2 7. These were obtained by plotting Vp 112 g vs probe retard 
dVp 

ing potential directly from the probe curves after correcting for space paten-

tial . The presence of the beam electrons at 45 to 50 volts energy is clearly 

seen in Fig. 2 5 1 a position 6 mm. from the cathode in run l Fig. 2 6 a and 

b illustrates the "smeared out" appearance of the distribution in the maximum 

interaction region I 30 mm. from the cathode, and Fig o 2 7 shows the r andom-

ized "near Maxwellian" distr ibution well pas t the interaction region 38 mm 

from the cathode. These latter two positions are also from run 1. 

There is an absence in all these distributions of any intermediate or 

very high energy electron groups . One distribution from run 2 is included in 

Fig o 28. This was the only distribution which shows three d istinct energy 

groups in a total of 64 probe positions in both run s . 

Electron and ion densities are shown in Figs 29 a and b , 30 I 31 and 32 I 

for run l, and three groups of 40 mm I 55 mm and 70 mm anode-cathode spac -

ing from run 2 I as a function of distance along the discharge The plots 

show the densities predicted from frequency I the Druyvesteyn analysis 1 

and the slopes of the positive ion Ip2 vs Vp portion of the probe curve . The 

last method us results are shown in run l both corrected and uncorrected for 

the ratio of 1on to electron temperatures I Ti . 
Te 

The correlation between electron density and osci llation (or detector 
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current) intensity 1s shown in these figures wherein the density ~n this 

case is derived from the frequency detected . The maximum enor 1n de-

tected frequency is less than 2 megacycles in the general range of our 

operation with the AN/UPM2 cavity wave meter . The maximum error in de

tector intensity is ±3 units of the various scales used. In general both of 

these are within the plotting circles on the graphic al plots. A plot of den

sity (derived from frequency) with space potential (Vsp) and electron tempera

ture (Te) is shown in Figs . 33 1 34 1 35 I and 36 . 

Photographs of ion oscillations varying from 50 KG to 66 . 7 KG are shown 

in Figs. 37 I 38, 39 I 40 I and 41 for run 2. A possible higher frequency com 

ponent of 300K (is dec3rnable superposed on the lower frequenc y traces. No 

ion oscillations near the upper limit predicted by Langmuir (about 2 , 3mc for 

our discharges) were detected. Plots of the ion oscillation amplitude vs 

distance are shown together with plots of electron oscillation intensity and 

density I in Figs. 42 , 43 I 45 I for both runs l and 2. 

Electron oscillations were detected throughout the discharge 1n all 

runs. The oscillation frequency in general varied from 700 megacycles 

near the cathode to a predominant 500 megacycle range throughout the rest 

of the tube. Usually a slightly higher frequency was found near the anode I 

and several other frequencies would appear sporadically on the anode side 

of the maximum interaction region. Possible explartation for these frequen

cies are covered in section 7 of this work. 

A tabulated result of all frequencies detected in run 2 follows 
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Cathode Probe to Electron Electron Ion O sc. Ion Osc. 
to probe Anode Osc.Freq. Osc.Amp. Freq. F i Amp. Vi 

(mm .) (mm.) Fe (me) Ic amperes (kc) (mv) 

5 5 944 .5 1.5 x Jo- 11 

5 20 539 6 X 10 -ll 66.7 4 

675 4 X 10-ll 

5 35 702 5 x lo- 11 62.5 26 

5 50 705.5 5 x 1o-11 60.6 17 

5 65 708 4 x lo- 12 4 

10 . 5 5 846 3 X 10 - 9 55.5 13 

885 3 X 10 
- 9 

10.5 20 547o5 1 . 8 X 10 
-10 

50 . 0 10 

685.5 4 x lo- 11 

10.5 35 none observed -- 6 

10 . 5 50 599 l x 10-ll 54 .0 7 

10.5 65 599 4 x Io- 12 58.9 6.5 

15.5 5 686.5 6 X 10 - 7 43.0 40 

838 } X 10 - 7 

15.5 20 553.5 2 X 10 
- 7 

68.8 18 

1010.5 2 X 10 - 8 

15 . 5 35 546.5 l . 5 X 10 - 7 54.0 21 

15 .5 50 523"5 4 X .LO - 9 58 9 6 5 

590 5 X 10-lO 

15 .5 65 591 2 x lo- 11 
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Catho de Probe to Electron Electron Ion Osc. Ion Osc. 
to probe Anode Osc. Freq Osc .Amp. Freq. Fi Amp Vi 
(mm } (mm .} Fe (me} Jc Amperes (kc) (rr, v) 

18 5 563 } X 10-5 
55.5 86 

671 1 X 10 -S 

18 20 557 7 X 10-6 5'3.7 66 

18 35 546.5 5 x 1 o-6 54 8 64 

18 50 528 4 X 10-6 55.5 32 

18 65 509 2 3 x lo- 6 55.3 24 

21 5 502 5 X 10-? 57.2 52 

21 20 514u5 3 X 10 -7 57 2 43 

21 35 510"5 1 x Io-7 58.0 39 

21 50 503 l X 10-4 62.5 36 

21 65 493 1 X 10-? 

552 5 X 10-8 

23 5 505 5 x lo- 6 60, 6 50 

23 20 535 2 X 10-6 54, 0 46 

23 35 542 4 x 1 o- 7 62,5 32 

23 50 557 1 x lo-7 36 

23 65 544 7 x lo-8 60 6 40 

28 5 549 3 x lo-7 52u0 50 

28 20 387 1 x Jo- 10 53.3 49 

545 1 X l0-l 1 

28 35 538 1 x lo- 11 53.3 72 
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C a thode Probe to Electron Electron Ion Osc o Ion Osc o 
to probe Anode Osc oFreq. OscoAmpo Freqo Fi Amp. Vi 
(mmo) (mmo) Fe (me) Ic amperes (kc) (rnv) 

28 50 589 5 1 X 10-}} 5603 90 

543 3x1o-1 1 

28 65 481o 5 2xlo-11 58o8 32 

534 5 X 10-11 

33 5 544.5 1 o5 X 10 - 7 55o5 44 

33 20 546.5 1 X 10 - 8 48 0 7 30 

33 35 388.5 1 X 10 
- 8 

69o0 34 

544o5 1 X } 0 - 8 

33 50 384 l X 10 - 8 58o8 64 

33 50 529 5 X 10 
- 9 

33 65 383 2 X 10 - 9 58 8 60 

530 8 X 10 - 9 

35 5 531 2 X 10 - 7 53.3 38 

35 20 383 } X 10 - 7 62.5 18 

532 2 X 10 - 8 

35 35 385 2 X 10- 8 55o5 4R 

535 2 X 10 - 9 

35 50 386 5 2 X 10 - 8 51.3 

529 1 X 1.0- 8 

35 65 386.5 1 X ] 0 - 8 58o8 

529 5 X ]0 - 9 
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7. Interpretation of Results. 

General 

It was found in preliminary work that analyzing space potential, elec

tron density, and temperatures by those methods of Langmuir which assume 

Maxwellian distribution of electron energies produced an extremely poor 

correlation with data obtained through the several other methods. In view 

of the general non-Maxwellian behavior of the electron energy distribution 

function, and the Ip vs Vp curves, it was decided to rely upon those me

thods of analysis which are not predicated upon a Maxwellian type distri

bution of electron energies. 

Before introducing the data from our probe investigations of the dis

charge, its reduction, and our conclusions, we believe that some amplifi

cation of our statement concerning the existence of oscillations close to the 

cathode and the bearing of these oscillations on the maintenance of the 

plasma in Neon is in order. 

We believe that these oscillations are connected with an early inter

action of the beam electrons with the gas after they leave the cathode 

sheath. Classical kinetic theory. and experimental results of electron 

ionization efficiency, discussed in section 3 of this paper, predict a much 

lower ionization of the Neon than that which we have found in this region, 

and also predict a definite increase in ionization with increased cathode

anode spacing out to a distance equal to the mean free path. We found 

that this increase did not occur I and that a relatively constant value of 

plasma density existed throughout the discharge I differing by a factor of 
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three at the mast. 

It is believed that a mechanism descnbed as follows may account for 

this. 

The high energy electron beam emitted from the cathode will cause 

some ionization after leaving the cathode sheath . The beam will then con

tinue to interact with this rarified plasma add1ng kinetic energy to the elec

trons and ions through the mechanism described by Bohm and Gross (23). 

This would have two effects, first prevent recombination of ion electron 

pairs, and second, cause increased ionization by the plasma electron-gas 

atom collisions taking place in the region. If true this would indicate that 

two complementing ionization mechanisms might occur in a gas, and help 

to explain the lack of oscillations found near the cathode by Putnam and 

Collins (19) in the Argon discharge. Argon would ionize far more readilf 

due to the resonance effect (Raumsauer effect) near its ionization potential 

as seen in Figs B and C section 3, than does Neon. This rapid ioniza

tion due to electron collision, and Argon's increased mass ave~ Neon , 

would mean that beam electrons traveling sufficiently close to an atom 

would cause more ionization by f ·1lis collision effect and transfer less ener

gy to the ions due to their traveling potential field effect . Also , the Argon 

plasma electrons in this region may not be able to gain large amplitude os

cillations since they can more readily ionize their nearest ne1ghbor atoms 

than in the corresponding case of Neon. 

Another factor entering into the absence of these oscillations in Argon 

could well be our extreme good fortune 1n capacitively couphng ou r wave-
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meter to probe. We were able, after many tries, to f1nd an extrerrelv sen

sitive coupling wh1ch allowed us to detect oscnlat1on amplltudes down to 

10-12 amps in detector current. These frequencies nenr the cathode were 

always very weak (1 o-ll amps) and a small change in coupllng impedance 

could easily have prevented then detect1on. 

Probe Characteristic Curves. 

It is noted 1n inspection of the probe characteristic curves that the 

relative density of the energy distributions changes with increased anode 

cathode separation for a single probe position with respect to the cathode. 

In fact as seen in Fig. 48, the h1gh energy beam group increases I after a 

gradual decrease I with increased separat1on as does the random1zed plas

rna electron group. 

We conclude from these effects that two mechanisms are occurring. 

The first which yields our initial h1gh density with the anode close to the 

probe is the emission of secondary electrons caused by the beam imping

ing on the anode. Moving the anode away from the probe would cause 

the effect of these secondaries to decrease, since they are napped in 

space within a few millimeters of the anode (25). 

The second mechanism which would cause the significant increase of 

these groups as the anode is moved farther from the cathode is not at all 

clear. We have several hypothesis and they are: 

1 . Possible convergence of penpheral beam electrons toward 

center of discharge as anode 1s moved further away 
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2 o Pass Ible influence of fie I d lines of concave surface of cathode 

causing a slight focusing effect on beam when anode spacing 

is large 0 

3 o A high positive space charge found 20 to 30 mm from cathode 

in plasma may tend to attract peripheral beam electrons toward 

the center of the discharge o Fig. 21 Illustrates an example of 

this charge and its location in the plasma 0 

From t he appearance of the probe curves 1n the region of maximum in-

teraction as illustrated in Fig o 13 I the difficulty of extracting information 

about electron energy distributions in this area becomes apparent 0 The 

effec t of t h e beam plasma interaction on the second derivative of Ip with 

respec t t o Vp is so large, that no absolutely valid information could be 

taken by the Druyvesteyn method in this region o In all figures showing 

data plo ts where this effect occurred we have shown cross hatched areas 

It is noted that in general it is these regions where our data correlation is 

poorest. In other areas we believe the correlation to be quite good. The 

example probe characteristic curve shown in Fig o 13 is the most severe 

example of this disturbance. It was quite reproducible I and H can be seen 

that the second derivative was traced three separate times o The disturb-

ance is a l so apparent on inspection of the Ip vs Vp and__Q_IQ vs Vp curves o 

avp 

Electro n Energy Distributions o 

An analysis of the electron energy distribution was carried out using 

l/2 2 
the method of Druyvestyn (12). The product of Vp ..£.1.E was plotted 

dVP2 
agains t Vp to obtain the shape of the energy distribution function. The area 
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under this curve could then be interpreted as the electron density by 

numerical integration where 

N¢(eVJ _g_ 
Ae 

where N = electron density in electrons/ em 3 -eV 

A = area of probe 

For our situation it was determined that 

N¢(e0 and /V =Y¢(eV) d(eV) 

for all regions where the second derivative has positive finite value. The 

results of this procedure produced electron densities which were in error, 

. f 2 
when compared with the densities obtained by the relationship N = (8980 ) ' 

by a factor of about 1. 5 when compared at all points. Upon further ins pee-

tion of the probe characteristics curves I it became apparent that not all 

electron energies were being included in the energy distribution. By in-

spection of the Q.!Q_ vs Vp curves (Figs. 12 through 20), it can be seen that 
dVp 

there is a recognizable slope whjch extends out to approximately -65 volts. 

At the same time I it can be seen that the effect of this slope does not in-

dicate in the plot of the second derivative of current with respect to volt-

age. We therefore concluded that perhaps a relatively large number of elec-

trons which should have been included In our energy distribution had been 

missed. To obtain an approximation to the magnitude of this loss, we as-

sumed that the trailing edge of the energy distribution (Fig. 2 7) from the 
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last readable value obtaJned from second denvative would continue out 

as a straight line to ze ro at - 65 electron volts energy I rather than to where 

the second derivative had appeared to have gone to zero. This operation 

increased the value o f the elec tron density by a factor of about 1. 4. Having 

e stablished why our electron densities were in error and realizing that this 

method of correction left a great deal to be desired due to the small magni-

tude of the effects as plotted, we decided to apply a constant correction 

for what we felt was the mean distribution of missing electron energies. 

This correction was obtained by picking four densities obtained from 

n =/!_----)
2 

and comparing them to n = k{y112 d
211, where k is to be our 

~ J v dVp -

empirically arrived at constant. This gave us a value fork of 4 4 x 10 13 

and n was t hen considered to ben= 4. 4 x I0 1,p 1/2~e~~ W hen this 

correction was applied to the remaining 37 energ y distributions I a good cor-

relation w as obtained as noted in F1gs. 29a, 30, 31 I and 32. It can also 

be seen i n these figures that the correlation is poorest in the region of 

maximum interaction where the second denvative of current with respect to 

voltage becomes difficult if not impossible to evaluate (see Figs . 13 and 

14). 

Plasma density was also obtained from an analysis of the positive ion 

region o f the probe characteristics curves by the method of Langmuir ( .±). 

Ion densities are obtained from the relationship: 

:2.. 

17· l. 
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where ni = ion density in ions/ em 3 

A = probe area in cm2 

mi = mass of ion 

This analysis of the positive ion region does not assume a Maxwellian 

energy distribution as does the similar Langmuir method for finding electron 

density by the slope of the Ip2 vs Vp curve in the electron region of the curve. 

The required slopes were obtained by squaring the values of Ip for every five 

volts Vp for the linear positive ion portion of the Ip vs Vp curves. When the 

ion densities were computed by this method I they were found to be about 

three times greater than the densities obtained by Druyvesteyn analysis and 

2 
from the relationship n ~9 ~ 0) (Fig. 29a). L. S. Hall (28) has postulated 

a proportionality factor for the Langmuir relationship which is "expected to 

be in the order of Ti ". We made attempts to bring our ion densities into 
Te 

better agreement with e lectron density by applying this proportionality fact-

or 11 in the order of '!.L 11
• In computing the correction I we used for Te the 

Te 

mean energy of the randomized plasma electrons. For Ti I we assumed a 

constant ion temperature a eros s the discharge of 100 0°K, which seemed 

reasonable for our discharge. The next step was to correlate n (electrons) == 

y~ 
1 n; wh;~ a best fit k = 3. This produced a relationship n 

(corrected) = V ¥- n;. . When this correction was applied to all of the 
Te 

data points of run one and two I Figs. 29a 1 30, 31, and 32 resulted. 

It was considered signiflcant that the agreement abtained between this 

method and the Druyvesteyn analysis agreed both in shape and magnitude, 

though showing some deviation from the densities obtained from 
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It was further considered s 1gnificant that ~his correction removed 1 he major 

fluctuation in ion density in the region of the anode. It was noted that the 

agreement was poorest in the region of maximum interaction as m1ght be 

expected . 

To furt her Investigate the proportionality factor I we analyzed the data 

of Putnam and Collins (19) which had also shown an ion density consider-

ably higher than the electron density in Argon. Using the same technique 

and assumption s I we were able to obtain the same sort of correlation 
1 

described above by using a correction formula, n (corrected) = 1/liTi' ni. 
y~ 

Space Potential vs D1 stance. 

The plot of space potential vs distance for run 1 with a constant 

anode-cathode spacing of 40 mm shows an mteresUng effert wh1ch we cor-

roborated by three separate methods. The datd was taken from the zero of 

the second derivative of lp wHh respect to Vp, the maximum value of the 

first derivative of Jp with respect to Vp I and the first break from linearity 

of the In Ip vs Vp curve. The latter method, as stated prev1ouslv. 1s not 

to be relied on too heavily because of our non- Maxwellian elPctron ener-

gies I however I the gross effect of an 1ncreasing space potential some 

10 mm away from the anode is quite apparent In the most Maxwellian sec-

tion of the dtscharge, i.e. I on the anode side of the maximum mteractlon 

region I we find close agreement between all three methods of determ 1n1ng 

the space potentials. 

1Note , it might be significant that ~ = 
atomic weight of A is twice that of Ne 1 e 

' I 
21/_LLL. and that 
. Y Te 
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W e have therefore decided to rely most heavily on the zero of the 

second derivative for our absolute value of space potential2 in all runs I 

and only this value was plotted for our 40 mm I 55 mm I and 70 mm (anode 

cathode spacing) groups from run two. 

Unha ppily in these runs (which were actually a collection of data from 

our investigation of the effects of various anode cathode spacings with a 

fixed cathode probe distance) we have few probe positions. However, we 

believe tha t the effect of increasing space potential some 30 mm from the 

cathode may be indicated in them. There is a slight but definite increase 

in the second 40 mm group and the 55 mm group in Figs. 22 and 23. 

We are far fro m being positive about what causes this positive space 

charge e ffe c t I however I we postulate three mecha nism which could ac-

count for it . 

First, the cathode face curvature may resu lt in s o me "bunching" of 

field line s i n this area causing the ions to re main th ere I whereas the more 

mobile I more energetic electrons could escape. 

Second I t he ion focusing effect of neon I mentioned in section 3. may 

be at a maximum in this area I causing the ions to collect in the region. 

Third I the beam electrons which have been randomized in direction in 

the maximum interaction region may be leaving this area toward the Tube 

walls as the "electron cloud" drifts down the tube toward the anode wlth 

2This method was brought to our attention by Professor K. G. Emeleus 
o f Queens University, Belfast I Ireland 1 who very kindly allowed us to 
view an as yet unpublished thesis of A. Garscadden during a v1slt to our 
labora tory. 
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the normal electron drHt velocity of the discharge 

Electron Oscillations . 

The correlation between electron oscillation amplitude (from detector 

current intensity) and electron densities as Illustrated In figs. 33 I 34, 

35 and 361 we believe to be extremely significant. Fig, 33 Illustrates an 

almost mirror image effect between these two parameters. Figs 34, 35 

and 36 also show remarkably good correlation~ and we feel that these are 

of special value in corroborating this effect since they are taken from a 

collection of discharges wHh the same cathode-anode spacing I discharge 

current I and pres sure I but over a penod of several hours with two com-

plete changes of gas in our sys tern. 

This effect agrees with the theory that these oscillations should grow 

traveling down a decreasing plasma density gradient Putnam and Colhns 

(19) also found this effect as did Mahaffey I et al (18). However I Mahaf-

fey's group believed that many of the small intensity changes in this data 

might be due to a "frequency pulling effect" of the probe. Since Dernirk-

hanov I Gevorkov I and Popov (25) were able to correlate manv of their fre-

quencies detected by probe I with signals detected by receiving equipment 

using an antennae outside their discharge tube I we believe that our fre-

quencies detected through the probe are correct I and hence the densities 

obtained from them through the relation n = (89 ~ 0 )
2 

are accurate. 

It should be noted that the intensity values are plotted on a rough 

logarithmic scale, and that small decreasing density changes yield very 

large changes in oscillation intensity. We conclude, therefore that the 
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oscillations do start on peak plasma densities and grow rap1dly down the 

decreas ing density gradient I and that m1nor density changes have large 

effects on increasing and decreasing the amplitude of these oscillations 

We have also found, as illustrated in Figs 33 I 34, 35, and 36, that 

the plasma density follows quite well the average electron temperature 

(plotted in electron volts) as calculated from the energies descnbed by 

our distribution function. This result is to be expected, because the areas 

of higher electron energy should be able to maintain a more dense plasma 

The higher energy electrons will have less chance of IOn -electron recom-

binations and aid in ionizing neutral atoms in this region~ 

The result in turn gives us further evidence for the accuracy of our 

Druyvesteyn analysis of electron energy distributions, since we used this 

to predict our average energy, whereas the densities which are correlated 

with these energies come directly from the detected frequencies 

The method used to determine these energies was basically a numeri-

cal integra tion of the electron distribution function in the following mannec 

(eV) Jvp N<P(eV) J(eV) 

/N¢(eV) cl(eV) 
Electron oscillations were found, as tabulated in section 6 for run 2, 

to extend from cathode to anode in both data runs l and 2 The increase 

in frequency found near the anode we attnbute to the increased density of 

electrons resulting from secondary emission from the anode. Even very 

low energy electrons have a considerable secondary emiss1on effect on 
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nickel (the anode material) 3 I and the range of this effect agrees quite 

well with what would be necessary to produce the increased frequency 

in this region. The previously mentioned positive space charge on the 

anode side of our maximum interaction region would aid in removing these 

electrons from the anode upon their emission. 

Ion Oscillations. 

Ion oscillations were also found throughout the tube 1 and they were 

seen to peak in amplitude with the electron oscillation in tens 1ty. Photo-

graphs of these oscillations show this effect (Figs. 3 7 I 38 I 39 I 40 1 and 

41) as does the plot of oscillation intensity illustrated In Figs 42 I 43 I 

44 I and 45 The amplitude of the ion oscillations I although peakIng with 

the amplitude of the electron oscillations I shows none of the minor varia-

tions which in the case of the electron oscillations are attnbuted to in-

creasing and decreasing density changes. 

No ion oscillations were found In the 2. 3 megacycle range as pre-

dieted by the Langmuir relationship f1 ~ fe ~~~) l/Z All osc dla tlons 

detected were of a much lower frequency I and we believe that these are 

the electrostatic sound waves predicted by Langmuir and Tonks (29) 

Using this assumption we Investigated the boundary conditions on 

our plasma column in order to Infer what mode of longitudinal oscillation 

might be expec ted. A visual inspection demonstrated that the most 

3H. S. W. Massey and E. H. S. Bm-hop, Electron and Ion Impact Pheno
mean, Clarendon Press (1952) Chapter V of this text gives a comprehensive 
discussion of this phenomena The curves for Copper having a value of 
maximum emission coefficient similar to Nickel, p" 306, Illustrates the 
small but finite emission which may be expected from pnmanPs of 40 volts 
and below . 
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probable situation was that of a free boundary surrounding the plasma on 

all sides. The glowing plasma column was surrounded by a dark space 

approxima t ely one centimeter thick between Itself and the tube walls. 

This space we believe consists primarily of neutral atoms within which 

ion -elec tron recombinations are occurring 

Simple acoustic analogy (30) indicates a longitudinal mode of vibra-

tion for this boundary condition wherein the frequency is related to the 

length of the v ibrating column by the expr e ss ion~ 

f = nc 
21 

(n = J) 
21 A 

where f is freq ue ncy, n an integer, c the wave ·:eloci ty, and 1 the c o lu mn 

length. Langmuir and Tonks predicted a wav e ve loci ty on the order of 

c =1 ry.;;:r; and when this expression is introduced into the frequency equa -=v~ 
tion the result s are ~ 

f=.!l_ .,~ 
21 Y 

1-MT 

The above expression was used to predict frequencies from data runs 

1 and 2, a nd the following assumptions were mad" . 

a. n = 2; since Langmuir indicated a low frequency cutoff wherein 

A was on the order of the discharge tube dimensions. 

b. 1 = 9 em; the approximate length of our plasma column . 

CoY= 5/ 3; as used by Alexeff and Neidigh (27) 

d. kTe ; Bo lt zman as constant x electron temperature, the valu e used 

w as actually the average value of (eV) converted to ergs at the 

location where ion oscillations were a maximum. For run 1 , (eV) 
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= 9 e lectron volts, for run 2 (eV) = 6 electron volts. 

Util izing these assumptions In the equat1on. with the appropnate 

value of the electron temperature for each run, gave the following results. 

-/'1.. 
/.. ~7 x /"1. ~ / J{) ed s 
3, 3S X /0- 2 ~ d,, 

Z /,t-7 X' 9;0 X 10-~~ds 
1 3, 0 5 )( 10- .t.. "3d hiS 

s 6. 9/ X /0 em/sec 

9 Ch7 

We feel that these values agree reasonably well with t:re pn~dom1nant fre -

quencies detecte d in run 1 of I'V 100 KC, and those detecteci in run 2 of ~ 

60-67KC " 
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8. Conclusions . 

In general, it is our belief that the following conclusions may be 

drawn from our work. 

First, the mechanism of oscillation generation does occur quite close 

to the cathode in our type of discharge tube, and may be dependent upon 

several factors. These factors are~ the mass of the gas ion I the ioniza-

tion probability of the atom I the ionization potential of the atom, and the 

plasma density in th1s region. 

In neon I wherever we placed the probe I we detected oscillations 

which correlated w1th the predicted Langmuir frequency off= 8980 n
1
/

2 . 

In Argon and other gases I however I these oscillations have been consider-

ably more localized I usually in the vicinity of the meniscus or maximum 

beam -plasma interaction region. 

We postulate that the lighter mass of the neon atom, its low ioniza-

tion probability, and its higher ionization potential allows the plasma 

electrons and ions near the cathode to oscillate with greater amplitude 

than in the case of such gases as Argon I where, in this reg ion I the elec-

trans I in gaining a few volts of energy I would soon cause other Ioniza-

tions rather than continue to oscillate and increase in amplitude of os-

cillation. Thus 1 although oscillations would occur In this region I they 

would tend not to grow in amplitude, and be extremely weak 1n intensity. 

Even in Neon I our weakest signal was in this reg ion and was of the order 

-11 
of 10 amperes. 
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It would be expected that once the beam electrons became random-

ized with the plasma in the maximum interaction region that these effects 

would be minimized allowing detectable oscillauons 1n all gases I since 

all the plasma electrons have a much greater average energy and would 

remain in an oscillating state in the ion rna trix. 

The mechanism of interaction itself we believe to be that predicted 

by Bohm and Gross I wherein a traveling potential field is set up by the 

beam in transit through the plasma. 

Second I at the face or cathode s 1de of the maximum interaction region I 

we see in our discharge complete randomization of the electron beam with 

the plasma. We call it the 11 brick wall effect" since it appears as If the 

beam electrons are suddenly stopped in their trans 1t of the tube ann scatter-

ed isotropically. The intensity of oscillations in this region and further on 

in the interaction region reached values of 10-4 amperes of detector cur-

rent rather than the 10 -? and l 0 -ll amperes elsewhere in the discharge. 

We postulate that these violent oscillations and their associated micro-

fields are literally breaking up the directed beam. 

Third I we believe we have shown that plasma densities denved from 

slopes of the ion port1on of the curve do indeed need to be rorrected hy 

f , f T1 some unction o Te. The gross correction we made to our own data and 

that of Putnam and Collins0 work in Argon illustrated that reasor.ably good 

correlation with dens it1es predicted from other methods could be obtained. 

Also 
1 

in the region where ion oscillatlons were most intense I and wn 

energies greatest 1 use of our assumed correction factor based on our 
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average ion tempezature I showed the poorest correlation with other densi

ties determined. 

Fourth I the 1on oscillations which we detected and photographed I we 

conclude are the electrostatic sound waves predicted by Langmuir. They 

agree well with his pred.ictions and appear to be related by wave length 

to the longitudinal dimensions of our plasma column 

Fifth I we have found that in neon the anode-cathode spacing has 

little effect on frequency once the anode is sufficiently far from the cath

ode that beam electrons do not emit copious quantities of secondary 

electrons We do not know why the high energy beam electron group 

seems to grow with very large spacing but we have postulated three hypo

thesis in the preceding section. 

Sixth I we believe our high current instabiLity effect as discussed in 

section three is due to ion focusing of the electron beam . It is an extreme

ly quiescent discharge with no detectable ion or electron oscillations occur

ring. We have recently put Argon in our tube and were able to draw up to 

700 milliamperes without the discharge collapsing I so we now believe 

even more firmly that this effect is an anomaly of neon. 

Seventh I and possibly the most important I we believe we have deflnite

ly confirmed the v1olent growth .in amplitude of the electron oscillations on 

a decreasing plasma density gradient. Even the hne structure of the curves 

show this effect I and we feel 1t is predominantly real rather t.han a probe

plasma interaction . 
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9. Recomme ndations. 

In keeping with our observations and results I the following areas are 

recommended for further Investigation~ 

a. Continue this type of investigation in other gases in an attempt to 

determine whether ion mass, and ionization potential are major factors In 

establishing the intensity of electron and ion oscillations and their loca

tion in the discharge. An investigation of discharges at similar currents I 

pressures I and anode cathode separation using He I Ne I A I Kr I Xe I and 

mixtures of these should prove definitive in this investigation 

b. As an adjunct of the investigat1on recommended above , additional 

information should be obtained regarding the possible ion mass dependence 

on the form of the Ti/Te correction to the ion densities obtained by analy

sis of the positive ion region of the probe characteristics curve. 

c. Further investigation should be made of the low frequencies found 

in the kilocycle range to determine if they are longitudinal ion oscilla

tions as supposed I radial modes of vibration I or a coupled oscHlation 

which might be a function of both sides. 

d. Additional techniques which are recommended include~ use of a 

high sensitivity UHF receiver to be used in an attempt to detect oscllla

tions external to the discharge I and addition of a spectrographic analysis 

capability which will be extremely important, if mixed gases are used. 
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Fig . 1. Ge neral experiment equipm8nt arrangem e nt 
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Fig. 8. Oscilloscope Photograph of 
typical relaxation oscillations 

Fig. 9. Photograph of collapsed discharge in Neon. 
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Fig. 37 . Ion Osc illations 5 mm from 

cathode . Scale 005 Volt/ em 

vertical; 5 mic ro-sec/ em hori

zontal. Tube pres sure l 0 microns 1 

Discharg e current 65 milliamperes. 

Fig. 39 . Ion Oscilla tions 21 mm 

from cathode . Scale . 0 2 Volt/em 

vertical; 5 micro-sec/em hori

zontal. Tube pressure 10 microns 1 

Discharge current 65 milliamperes . 

( 

I ' 

I 1 

L.......;r...._ .... _. _ _ 

Fig. 38. Ion Oscillations 18 mm 

from cathode. Scale . 02 Volt/em 

vertical; 5 micro -sec/ em hori

zontal. Tube pressure 10 microns, 

Discharge current 65 milliamperes. 

Fig. 40. Ion Oscillations 33 mm 

from cathode. Scale .0 2 Volt/em 

vertical; 5 micro-s e c/ em hori 

zontal. Tube pre ssure 10 microns, 

Discharge cu rrent 65 milliampere s. 

r g. 41. Ion O·:;ciLc.'..iC:J.S 28 mm 

from cathode. Scale 02 Volt/em 

vert ical ; 5 r:ucro-c· -C./CIT hon

zontal. T.. .• be pres~:; 1r; 10 micr::ms, 

Dischatt't ' currr--nt o5 r:.1.lliurnpcre s. 
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Fig. 42 Electron dens1ty I n I detector current I lc 1 Ion 
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Fig " 44 " Electron density . n 1 detector current I Ic I and ion 
oscillation amplitude I Vi I vs distance; Run 2 
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Fig . 45 . Electron density I n, detector current I Ic I and 
ion oscillation amplitude I Vi, vs distance; Run 2 
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Fig. 46 a . 

\ 

Fig. 46 b. 

Fig. 46 c. 

Fig, 46 o, b, c. Contaminated sections of the tube and internal structures 
a. Deposition of copper on glass envelope 
b. and c. Deposition of copper and copper 

oxides on tantalum anode 



rig. 4 7. Photogrttph of normal glow diocharge in 10 
microns of Neon. lllustruting the §lowing 
n-,gion of maximum interaction. Anode to 
Cathode 6p'lcing 40 mHUmetors, Discharge 
curr~nt 65 milliamperhs probe withdrawn. 
Photograph t~ken through ci ldymium filter. 
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APPENDIX 

Lat e tn this work an e ffor t was made to establish whether electron 

oscillations could be detected near the cathode in an Argon discharge. A 

discharge was established for this purpose at a pressure of 8. 7 ± 0. 2 

microns with a current of 90 milliamperes. 

No oscillations were detected within Smm of the cathode at these 

values of current and pressure Oscillations were detected near the 

center of the discharge as found by Putnam and Collins in last year• s work 

These oscillations reached a maximum detector current intensity of 2 x lo-4 

amperes at a position lSmm from the cathode. 

We have also been able to calibrate the pressures we have reported I 

which were based on our modification of the Veeco vacuum gauge. This 

modified vacuum gauge circuit described in this paper was calibrated with 

a McLeod gauge. It was determined that the response of the Veeco gauge 

was not linear as assumed. All pressures reported in this paper as 10 mi-

crons of Hg. must therefore be corrected to read 58 + 1 m1cron It was 

also determined that this non-linear response occurred for the gases Argon 

and Helium , although the factors for correction were not the same for the 

various gases. The pressure for Argon, reported above I we believe is 

accurate within the limit s specified . 

This increased pressure of Neon in our tube would result in a mean 

free path for elec t rons in Neon on the order of 1. l to l . 5 em, however I the 

phenomena described in s ection three of the work we believe is still valid 

Further experJme nt i n a node cathode s pacing down to slightly less than 7mm 



indicated littl e if any effect on the di scharge characteristics o The only 

notic eable effect was a visible shortening of the plasma column which 

normally fills the greater part of the length of our tube. For these very 

small spacings the plasma surrounded the anode and cathode in the rough 

form of a sphere with a diameter of approximately Scm o 
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